The effectiveness of transcutaneous electrical nerve stimulation (TENS) in postoperative pain relief was assessed in (his prospective randomised controlled study of 31 patients during the first 72 hours after cardiac surgery. Fourteen patients were given functioning TENS units, and seventeen patients were given non-functioning units. Postoperative pulmonary function tests, analgesic requirements and the incidence of atelectasis were compared in the two groups. Morphine requirement was significantly reduced on the second postoperative day and peak expiratory flow rates (PEFR) were significantly improved for the first two postoperative days in patients with functioning TENS units. The forced vital capacity (FVC) was significantly larger with functioning TENS units on the second postoperative day, but there were no other significant differences in forced expiratory volume in one second (FEVj) or forced vital capacity (FVC) values between the two groups. A questionnaire given to patients assessing their opinions of the effectiveness of the TENS unit for analgesia showed a placebo effect in some patients with non-functioning units. In summary, this study suggests that TENS may be of benefit in postoperative pain relief after cardiac surgery, especially on the second postoperative day.
Transcutaneous electrical nerve stimulation (TENS) has been used in the management of acute postoperative pain for over ten years and during this time there have been a number of studies supporting its value for postoperative analgesia following a variety of abdominal and peripheral procedures. \-4 Pain relief through the use of narcotic analgesics has well-known undesirable side-*Medical SWdent. tMcdical Swdent. ~F.F.A.R.C.S., Senior R('gi~trar in Anaesthetics. §F.F.A.R.A.C.S., Staff Specialist Anaesthelisl/Perfusionisl. effects, such as sedation, respiratory depression, nausea, vomiting, tolerance and physical dependence. This frequently results in the administration of doses inadequate to provide satisfactory analgesia. Hence, TENS as a means of pain relief without the above disadvantages could offer advantages to patients following surgery.
The TENS unit is a battery-operated device which delivers electrical pulses. The character of these pulses may be varied by altering frequency (rate), duration (width), and amplitude settings on the particular unit used.
One of the theories on the mechanism of action of TENS utilises the 'gate control' theory of pain as first described by Melzack and Wall in 1965. 5 This suggests that the substantia gelatinosa of the spinal cord acts as an inhibitory gate control system for pain signals travelling to the brain. Inhibition is enhanced by large myelinated afferent fibres, the theory being that an electrical current would stimulate these fibres and 'close the gate' to pain.
It has also been suggested that electrical stimulation may induce release of endogenous opiates (endorphins) from nerve endings, resulting in an analgesic effect. 6 A randomised controlled prospective study was conducted using TENS for pain relief in the postoperative period after cardiac surgery. Pulmonary function tests and patient demand for supplementary analgesia were used to assess the efficacy of TENS. Reduced narcotic analgesic requirement and improved pulmonary function tests would indicate a positive result.
METHODS
During a six-week period, all cardiac surgery patients were approached for inclusion in this study except those who had communication difficulties or a history of narcotic abuse. The study was carried out using Tenz care model 6240 dual-channel stimulators manufactured by Medical Products Division of 3M and distributed by 3M Australia. * This unit delivers a rectangular-shaped impulse and the characteristics of this pulse wave with different dial settings and resistive loads (electrode and skin impedance) are described in the operating manual.
Informed consent was obtained from all patients according to the guidelines of the Human Ethics Review Committee of the Parramatta Hospitals. Baseline pulmonary function tests, including forced expiratory volume in one second (FEV d, forced vital capacity (FVC) and peak expiratory flow rate (PEFR) were obtained by one of the investigators using a vitalograph and Wright peak flow meter. Baseline TENS readings were also measured in the following way according to recommendations of the distributors. * After setting the pulse rate control at 5 and the width control at 3, the amplitude control was increased until the sensation felt was strong, *3M Australia Ply. Ltd., 950 Pacific Highway, pymble, N.S.W. slightly uncomfortable or a slight muscle twitch noticed, and then it was decreased until it was comfortable for the patient. This was recorded as the baseline reading. If the amplitude on the highest setting was insufficient to produce a strong sensation, it was reduced to four and the width control increased to obtain moderate sensation. The amplitude was adjusted again as described above.
Patients were randomly allocated to one of two groups: group A had TENS units with functioning batteries and group B had nonfunctioning units. The TENS units were otherwise identical for all patients who were not informed of which group they were to be allocated.
Demographic data including age, sex and medical insurance status were noted.
The anaesthetic technique was standardised for all patients according to our operative protocol. Fentanyl was the only narcotic administered during the operation with at least half the dosage given at induction. On completion of surgery, a TENS unit was applied to each patient for continuous use. Sternal electrodes were applied 5 cm on either side of the sternal incision and parallel to the incision. Another set of electrodes from the second output channel was applied craniocaudally at the posterior mid-thoracic region to cover an area corresponding to the posterior extension of sternal dermatomes. In patients for coronary artery bypass graft surgery, a third set of electrodes, being linked in series to the second set, was placed over the posterior lumbosacral region. This corresponded to the origin of the cutaneous nerve supply to the medial side of the lower limbs coincident with the incision site for vein removal.
Each patient had a TENS unit applied at his pre-operative baseline setting at the conclusion of surgery and this was taken as zero time for all subsequent measurements. The on/off indicator was covered by opaque adhesive tape so that it was not obvious whether the unit was functioning or non-functioning. Each unit was checked three times a day by one of the investigators to ensure it was in the proper mode.
Following admission to the intensive care ward, routine postoperative procedure was followed for all patients. Pain was assessed by a member of the ICU nursing staff (RN) or by one of the investigators hourly for the first 24 hours and fourth hourly for the second and third postoperative days using the digital scoring system shown in Table 1 
Pain-free (conscious, no discomfort al op site or tubes) Discomfort (reel> discomfort al op site or tubes) 4 ivlild pain (lies .Itill, avoids movement, feels pain) 5 Severe pain (sweaty and dist re,lsed) Assessment of pain was made and analgesics administered by the nursing staff on duty. If the score was between three and five, the patient was asked 'Do you need something for the pain?'. If the patient's answer was 'yes' the TENS unit was turned up to a level still tolerable to the patient. If no relief was seen, then morphine or other analgesics were given at [he discretion of the nursing staff. The width and rate settings of the TENS units varied from three to seven according to the need of the patients. The actual range of pulse characteristics is described in the unit manual and will not be repr()clucecl here.
Parenteral morphine and oral methadone were the analgesics used during the first postoperative day (24 hours). The patients were gradually weaned on to oral analgesics (Panadeine -paracetamol 500 mg and codeine 8 mg) on the second and third days.
The pulmonary function tests were repeated twice daily for the first three postoperative days at the 20th, 24th, 44th, 48th, 68th and nnd hours postoperatively. During the three-day period, analgesic usage was recorded and chest X-rays observed for atelectasis and other changes.
On the day before discharge, all patients were given a questionnaire relevant to their expectations and experiences during their cardiac surgery. A question was included to assess the subjective value of the TENS unit for postoperative pain relief.
The pain scores were averaged during the 15th to the 23rd hour for Day One, the 32nd to 44th hour for Day Two and 60th to 68th hour for Day Three. These intervals were used to obtain representative values for each patient and to ensure that equivalent analgesia was being achieved in each group. Very occasionally an hourly assessment was not made and this is why intervals of 8-12 hours were used. For each patient, postoperative spirometry was expressed as a percentage of the preoperative value. The mean of values for each 24-hour period were used when assessing FEV I, FVC and PEFR. Mean analgesic requirements were also obtained for each day. Pulmonary function tests and morphine dosages for the two groups were compared using the non-paired [-test.
RESULTS
Of the 31 patients studied, 14 had functional TENS units and 17 had non-functional units. The two groups were closely matched in terms of age, sex and health insurance status and operation performed ( Table 2) . Both groups showed a marked decrease In FVC, FEV 1 and PEFR values after surgery consistent with published values. 8 On day one the mean PEFR was only 39.2 (SO 13.5) per cent of control for the TENS group and 29.4 (SO 9.1) per cent of control for the non-TENS group. On day two, these values were 48.3 (SO 15.8) and 35.9 (SO 10.6) respectively and had increased to 56.5 (SO 22.9) per cent of control for the TENS patients and 46.8 (SO 12.3) per cent of control for the non-TENS patients by day three (Figure 1 ). Statistical analysis of PEFR using the non-paired t-test showed significantly higher values in the TENS group on days one (p<0.05) and two (p < 0.01), but not on day three. The FVC of the TENS group was significantly higher than that of controls for day two only (p<0.05) but there was no other significant difference between the groups of FVC or FEV) ( Figure 1) . Morphine, methadone and Panadeine dosages were recorded. The mean values and standard deviation (SO) for morphine and the mean values and ranges for methadone and Panadeine are shown in Table 3 . Despite the large variations in Panadeine doses these were in fact very small amounts.
Statistical analysis of the morphine requirements of the two groups showed a significant difference (p<0.05) on day two, but not on days one and three. The pain scores were used consistently as an index for analgesia in both groups. These were averaged each day to give values ranging between 1.6 and 2.3. We take these values as indications that patients received adequate analgesia during their postoperative course.
In the first three postoperative days, nine incidences of atelectasis and three of pleural effusion were seen in the TENS group. In the non-TENS group, there were ten incidences of atelactasis and three of pleural effusion. There were five patients in each group who had clear lungs according to the radiologists' reports.
Subjective evaluation of the TENS unit for pain relief based on a questionnaire given to all patients before discharge showed a high level of acceptance in both groups (Table 4 ). Most patients in both the TENS and the control groups stated that they derived benefit from this therapy.
DISCUSSION
Of the 38 patients randomised in the study, two withdrew voluntarily and five were excluded because of profound cardiovascular failure during their postoperative course. One of the five patients excluded had a major arrhythmia during the postoperative period. However, there was no reason to suspect that it was in any way related to the TENS.
The electrocardiograph (ECG) pacemaker recognition circuitry in our bedside monitors accepted the TENS output as a pacemaker pulse. The display of the marker pulse at intervals between each QRS complex was very obvious. This enabled the nursing staff to identify functional TENS units and made it impossible for a true double-blind study to be conducted. Patients could feel the electrodes when high amplitude settings were used, but at lower settings and in control patients no stimulation was felt. This obviously could also limit the double blind nature of this study.
Ali et al. 6 showed a marked improvement in postoperative pulmonary function tests in patients after abdominal surgery using the TENS units. However, Rosenberg 3 reported nearly identical respiratory parameters in patients following abdominal surgery with and without TENS, though narcotic requirement was less in patients with whom TENS was used. In this study, FEV \ was found not to be different between the two groups during the three postoperative days, and FVC was improved only during day two. The PEFR values showed a significant difference (p < 0.05) on the first two postoperative days. Although various factors induding altered pulmonary mechanics decrease postoperative lung function, pain would be the major limiting factor in the first few days. FVC requires a sustained effort and may be greatly influenced by pain at the extremes of vital capacity (VC). Similarly, FEV 1 is assessed at the upper extreme of VC and requires sustained maximal effort for at least one second. These two measurements may be more influenced by thoracic incisional pain and sternal pain than PEFR which is assessed independent of lung volume and which requires only a transient maximal effort. The higher PEFR in the TENS group of patients on the first and second postoperative days and the improved FVC on day two support the idea that TENS provides significant analgesia following thoracic surgery. This result could, however, be influenced by the small sample size and wide patient variability from day to day. Postoperative atelectasis has been found to be a common occurrence in all patients undergoing cardiac surgery. Studies which have demonstrated a lower incidence of atelectasis with the use of TENS 6 were conducted mainly on abdominal surgery patients and this benefit does not appear to apply to patients after cardiac surgery. Methadone and Panadeine doses in the two groups were similar during the three postoperative days. However, there was a significant difference in morphine doses on the second postoperative day (Table 3) , with less morphine required by patients receiving TENS. Therefore, TENS appeared to be an effective substitute for morphine in providing pain relief as the pain scores for the two groups were similar. This occurred at a time when patients were being mobilised and regular physiotherapy administered. The effective use of TENS for analgesia to avoid the sedative effects of morphine is advantageous and other studies have found similar results in analgesic requirements with the use of TENS. 3 The questionnaire showed five out of 14 patients from the TENS group and eight out of 17 from the non-TENS group reported marked pain relief with the use of TENS (Table 4 ). This suggests a significant placebo effect in the non-TENS group.
Some of the patients in both groups developed blisters around the electrode edges in the distribution of the adhesives. In addition, two patients developed small areas of pressure necrosis in the region of the lumbosacral electrodes which might be avoided by more attention to posture of the patients with these electrodes .,
Patients requiring less morphine tended to be more alert and co-operative during the second postoperative day, assisting in early mobilisation.
Full nursing staff co-operation and understanding of the TENS unit is necessary for its application. Careful adjustment of dial settings and the care of batteries and electrodes are also essential in the successful use of this technique. CONCLUSION Quantitation of pain and pain relief by objective methods is extremely difficult. In this randomised controlled prospective study we used the pain scores (Table 1) 6 as an objective means to quantitate pain. We have also investigated the influence of TENS on postoperative pulmonary function tests, analgesic requirements and the incidence of atelectasis in 31 post-cardiac surgery patients.
Despite the marked placebo effect, patients using TENS required half as much morphine as the control group on day two and showed a demonstrable improvement in PEFR values on days one and two and improved FYC on day two. These objective results indicate that the TENS unit is of value for postoperative analgesia especially on day two which is an important time for the early mobilisation of patients.
